Background: Despite advances in management techniques and medical therapy, refractory cardiogenic shock remains a life-threatening condition with high mortality rates. The present systematic review and meta-analysis aims to explore the outcomes associated with venoarterial extracorporeal membrane oxygenation (VA-ECMO) use in the setting of refractory cardiogenic shock, stratified per survivorship.
Introduction
Despite advances in management techniques and medical therapy, refractory cardiogenic shock remains a lifethreatening condition with high mortality rates (1) . Both low cardiac output and poor tissue perfusion characterize cardiogenic shock and hence a great deal of emphasis is placed on the use of inotropic and vasopressor agents, mechanical assistance and fluid maintenance to support cardiac function (2) . Mechanical support for the management of cardiogenic shock was first assessed in animal trials as early as the 1930s, with extension to human trials in the late 1960s in the setting of infants with respiratory sepsis (3) (4) (5) . The efficacy of extracorporeal membrane oxygenation (ECMO) as a tool for the management of shock syndromes was established in the 1970s, but it was introduced slowly to mainstream intensive care medicine after a series of setbacks (6) (7) (8) . More recently, ECMO has been widely employed for a range of cardiovascular and respiratory conditions resulting in cardiogenic shock that are refractory to medical management, namely, acute myocardial infarction (AMI), postcardiotomy-related shock (PCT), graft failure in heart transplant (GFIHT) and acute decompensated heart failure (ADHF), particularly in the wake of successful trials (9, 10) . The present systematic review and meta-analysis aims to explore the current outcomes associated with venoarterial-ECMO (VA-ECMO) use in the setting of refractory cardiogenic shock, stratified per survivorship, with a discussion on cannulation method and presenting pathology.
Methods

Literature search strategy
This review was performed in accordance with PRISMA recommendations and guidance (11) . Electronic searches were performed on PubMed, Scopus and Medline from dates of database inception to June 2018, using ("venoarterial" OR "veno-arterial") AND ("extracorporeal membrane oxygenation" OR "ECMO" OR "extracorporeal life support" OR "ECLS" OR "VA ECMO" OR "VA-ECMO" OR "V-A-ECMO") AND ("cardiogenic shock"), as either keywords or MeSH headings. After removal of duplicate records, studies were reviewed according to the inclusion and exclusion criteria detailed below by two independent authors. A PRISMA diagram of the search strategy is presented in Figure S1 . Additional references for discussion were included via a reference list search or via targeted database searches.
Inclusion and exclusion criteria
Studies were included if they had at least 10 patients in their cohorts and where VA-ECMO had been used in supporting patients with refractory cardiogenic shock. Non-English studies, review articles, conference and paper abstracts, editorials, letters and opinions were all excluded. Studies were also excluded if they did not present baseline patient characteristics, or the focus of the study was in a cohort composed of patients <18 years.
Quality assessment of included studies
An appraisal schema based on the Canadian National Institute of Health Economics' (IHE) Quality Assessment Tool (i.e., the modified Delphi technique) for Case Series Studies was employed to evaluate all included studies. The evaluation was carried out by two independent reviewers. Studies were categorized based on the following domains: clarity of study objective, adequate description of the study population, description of the intervention, adequate reporting of outcome measures and appropriate reporting of results/conclusions. Quality findings are listed in Table S1 .
Statistical analysis
Baseline patient characteristics, risk factors, operative details and outcomes of interest were extracted by two independent researchers. Kaplan-Meier curves were digitized where presented and an algorithmic computational tool was utilized, as outlined by Guyot and colleagues, to derive individual patient data (12) . Censoring was assumed to be constant, unless the particular curve had a long follow-up of only minimal patients-in which case, censoring was manually entered. Death events and censoring data were compiled for the entire patient cohort and overall survival curves were produced as per the Kaplan-Meier method using IBM SPSS Statistics 25 (IBM Corp. Released 2017; IBM SPSS Statistics for Macintosh, Version 25.0. Armonk, NY, USA: IBM Corp) after being digitized. Studies that included high-resolution Kaplan-Meier curves, alongside numbers at risk, where included in the aggregation. Where studies had broken their cohorts into subgroups, individual KM curves were generated for these first and then merged, prior to being included in the whole cohort analysis. Studies that failed to report numbers at risk, or had data points obscured by censoring brackets, were excluded. These measures were applied in order to reduce the heterogeneity of the population and increase the validity of the findings. Data collection and meta-analysis of study characteristics were carried out using IBM SPSS Statistics 25 and Review Manager 5 (version 5.3, Cochrane Collaboration, Oxford, United Kingdom).
Results
A total of 789 references were identified in the search. After applying the inclusion and exclusion criteria, 52 studies were included for qualitative analysis, of which 44 went on to quantitative analysis. Of these 44 quantitative studies, 25 were of medium quality and 19 were of high quality, as defined by the IHE assessment tool (see Table S1 ). Of the studies included for quantitative analysis, 20 of the studies were from European centers, 14 were Asian/Australasian and 10 were from the United States, with recruitment periods between 1986 and 2016. A total of 17,515 patients were identified as having been placed on VA-ECMO for the management of refractory cardiogenic shock from 1996 to 2018. Only 2,734 patients (15.6%) were specified as having either undertaken central or peripheral ECMO, with the rest of the cohort remaining undefined. Full study characteristics are reported in 
Survivors vs. non-survivors (Table 2)
Survival-to-discharge was found to be 43.0% in a total cohort of 5,292 patients. Of these 5,292, 3,575 patients were male. The mean age of survivors versus non-survivors was 55.1±13.2 and 56.1±12.8 years and the mean duration of ECMO support was 4.0±2.1 and 3.8±3.5 days, respectively. Mean CPB time was found to be 192.6±110.2 and 216.6±99.8 min. CPR was carried out in 31.2% of survivors versus 58.3% in non-survivors. Lactate and creatinine levels were found to be slightly higher in non-survivors than in survivors. The rates of acute respiratory distress syndrome (ARDS), acute kidney injury (AKI), liver dysfunction, bleeding and CVA/neurological dysfunction were all higher in non-survivors. Infection was found to be higher in survivors. Forest plot analysis for in-hospital complications are reported in Figure S2 .
Whole cohort: long-term survival
Aggregated survival rates at 1, 2, 3, 4 and 5 years were 36.7%, 34.8%, 33.8%, 31.7% and 29.9%, respectively. The overall cohort data is presented in Figure 1 . The follow-up period was between 2000 and 2015.
Discussion
Contemporary outcomes of VA-ECMO administration
Since their inception, extracorporeal life support systems have seen tremendous modifications throughout several, Creatinine, mean ± SD (mg/dL) 1.5±0.7
The results presented are in weighted means, inter-quartile ranges, or n/%, ± standard deviation. Survival was considered to be at primary discharge. Characteristics were combined where presented. CPB, cardiopulmonary bypass; CPR, cardiopulmonary resuscitation; ECMO, extracorporeal membrane oxygenation; IABP, intra-aortic balloon pump. The results presented are in means, inter-quartile ranges, or n/%. Survival was considered to be those alive of the total cohort at primary discharge. *, lactate and creatinine levels were taken as soon as ECMO started (i.e., at baseline), or when first convenient. Bleeding was defined as any incident where unexpected blood loss occurred. Liver dysfunction was defined as any change from normal functioning, including shock liver and generalized inflammation. Significance is set at a P value of 0.05. BMI, body mass index; LVEF, left ventricular ejection fraction; ECMO, extracorporeal membrane oxygenation; CPR, cardiopulmonary resuscitation; ARDS, acute respiratory distress syndrome; AKI, acute kidney injury requiring renal replacement therapy; CVA, cerebrovascular accident; MD, mean difference; OR, odds ratio; CI, confidence interval. rapid eras of development. With applications in pediatric heart and lung disease and in adults suffering from shock syndromes, ECLS has always been associated with highrisk cohorts. The high-risk nature of the patient population undergoing VA-ECMO is reflected by the findings of this analysis, with an overall survival-to-discharge rate of 43.0%. This is in line with the data presented in the literature (13) (14) (15) (16) . Intermediate-term survival appears to be consistent, with aggregated survival rates at 1, 2, 3 and 4 years at 36.7%, 34.8%, 33.8%, 31.7% and 29.9%, respectively.
Significant prognostic factors: survivors vs. nonsurvivors
In an effort to increase the validity and reliability of this analysis, whilst minimizing the heterogeneity of an already diverse population, only the studies that had delineated outcomes of their survivor vs. non-survivor cohorts were included for subgroup analysis. In the contemporary setting, a number of factors have been found to be predictive of increased mortality on VA-ECMO. Time elapsed prior to VA-ECMO administration has been found to be shorter in survivors than in non-survivors (13, 17) . Out-of-hospital cardiac arrests are associated with poorer outcomes, likely due to the pre-existence of comorbidities and poor return of spontaneous circulation after life support administration (14) . Non-survivors typically have increased uptake of renal replacement therapies, which is reflected by the present analysis with higher rates of AKI noted in this cohort (18) . CEF scores, SOFA scores, APACHE II scores, SAPS II scores and troponin levels on day 1 of ECMO administration have been correlated with inhospital mortality, with a high Youden index and prediction of correctness illustrated, particularly by ACEF (19, 20) . Non-survivors have also been found to have higher levels of CK-MB than survivors, reflecting a greater degree of myocardial injury and irreversibility (18) . ECMO duration is not typically different between survivor and non-survivor cohorts (21, 22) . It is of note that survivors were more than twice as likely to have infections whilst in hospital. It is possible that this is as a result of the heterogeneity of the infection reporting within ECMO studies and from variance in the amount of time patients were in hospital; survivors would be more likely to survive the immediate postoperative period to discharge and hence be exposed to infection risks for an increased amount of time, whereas non-survivors would die prior. Forest plot analysis of a small subset of studies with clearly defined outcome data between survivors and non-survivors failed to clarify this finding, with survivors being less likely to have infections, but the result not being significant (see Figure S2) . Specific delineations between infection types (e.g., surgical site infection, line infection, etc.) in future studies would be helpful in elucidating this further.
Cardiac arrest prior to VA-ECMO administration, lack of IABP use, older age, low or high BMI, high serum lactate levels and clinician unfamiliarity with ECMO systems/ poor interdisciplinary cohesion have been highlighted as predictors of in-hospital mortality (17, 23, 24) . High serum lactate, in particular, has been a consistently reported variable in the literature, with ranges of 5-20 mmol/L being shown to be predictive of mortality. Indeed, the present analysis affirms this relationship. It has been suggested that providing early support prior to reaching precarious levels could improve outcomes (17, 18) . Hospital volume has not been found to be predictive of poorer outcomes (23) . Favourable outcomes with the use of a left ventricular assist device have also been illustrated, as temporary mechanical support allows for more efficacious stabilization of the patient in emergency settings. Most often, the reported causes of death whilst on ECMO are multi-system organ failure (MOF), likely stemming from infection and/or poor perfusion, and lack of neurological recovery (25) .
Postcardiotomy, AMI, graft failure, ADHF
The initiation of VA-ECMO in postcardiotomy subjects has been found to improve survival and is associated more often with central cannulation, as the chest is already open and easy conversion from CPR to ECMO can take place (26, 27) . As the vast majority of ECMO cohorts are composed of subjects presenting with cardiac arrest, AMIrelated outcomes are closely tied to the aforementioned predictors of survival and hence will be improved as treatment strategies are refined. Graft failure and ADHF are two etiologies that require far more attention, with little data being presented on their specific outcomes outside of select institutions; Loforte and colleagues present an ideal framework for the presentation of outcomes in this area (9) .
Central vs. peripheral cannulation
Whether to cannulate centrally versus peripherally remains an ongoing point of contention. As mentioned previously, central cannulation is ideal in the setting of postcardiotomy shock. Higher flows can also be tolerated, with better © Annals of Cardiothoracic Surgery. All rights reserved.
Ann Cardiothorac Surg 2019;8(1):1-8 www.annalscts.com whole-body perfusion as a result. Central cannulation and right axillary cannulation are more physiologically sound than retrograde cannulation, providing more natural and effective perfusion to the whole body (18) . Central cannulation does run the risk of mediastinal bleeding, often requiring exploration to be resolved (28) . In contrast, peripheral cannulation has been shown to cause retrograde perfusion and conflicting flow, limiting tissue recovery (26) .
Whilst peripheral cannulation confers better lower body perfusion, poor upper body, coronary and cerebral perfusion calls into question its efficacy in severely hemodynamically unstable subjects; there is a need for data on temporary and permanent neurological deficits secondary to peripheral VA-ECMO administration, as at present, very minimal data exist. Limb ischemia and nerve injury-in the setting of axillary cannulation-are also concerns. Infection risk is notably lowered in peripheral administration and is often preferred to central cannulation given the necessity of anticoagulation therapy (29) . Weaning from mechanical ventilation is typically also easier and safer in the peripheral setting, with recommendations being made in recent studies that peripheral cannulation should be considered first, except in the instance where the patient has small femoral vessels, or where they are suffering from PCT (30).
Long-term survival
Limited data exist on the long-term survival outcomes of subjects who underwent VA-ECMO for the management of refractory cardiogenic shock. This study presents an aggregation of the existing survival data, drawn from studies that carried out their own survival analysis (see Figure 1) . From the analyses, it appears that survival is relatively consistent in the first five years following VA-ECMO (36.7% to 29.9%). Additional subgroup analysis on long-term survival was not able to be carried out, as too few studies presented KM curves stratified based on etiology.
Limitations
There are a number of limitations which constrain the present analysis. First and foremost, the reporting style for the studies examining whole-cohort outcomes are disparate, with clinical characteristics varying substantially and with a number of critical characteristics not being reported at all (e.g., CPB/CPR administration and duration, complications, etc.). This is despite the overwhelming majority of the included studies being published within the last decade. This restricts meaningful, detailed subgroup analysis for a number of clinically relevant covariates. This was largely circumvented by focusing on the most commonly reported variables (e.g., serum lactate, creatinine, etc.). The baseline characteristics of the cohort presented is therefore not exhaustive, with room for additional analysis as more studies are published; without standardization of reporting methods for core clinical characteristics, increased study volume is the only pathway to increased validity. With a few notable exceptions, a substantial proportion of the studies included in the quantitative analysis did not report survival outcomes stratified by etiology/indication for ECMO. Tsai and colleagues present an ideal framework for the presentation of survival data in the contemporary setting (19) . Additionally, long-term survival analysis could also be benefited by extended follow-up times, although the reporting rate of survival analysis was acceptable, with 56.8% of studies (25/44) presenting Kaplan-Meier curves.
A number of the highly weighted studies included in the analysis were unable to report cannulation method as their retrospective data were drawn from large, low-resolution registries (i.e., those with limited operative data), which limits the reliability of the subgroup analysis. Retrospective study also introduces the risk of publication bias, which can be reduced by having clear survivor vs. non-survivor analyses. Of the total cohort of 17,515 patients, only 2,734 (15.6%) detailed the cannulation method. The indication for ECMO was also reported with a fair degree of variability and instead, a broader definition of refractory cardiogenic shock, including pathologies other than those of interest, was often used. Few studies broke their patient cohorts down into age groups, although all of patients within the overall cohort were adults and non-elderly.
Conclusions
The findings of this analysis are consistent with common clinical experiences regarding ECMO administration. Overall, ECMO studies tend to suffer from great heterogeneity, with a large number of patients presenting for a variety of conditions that place them at high risk of mortality. This high-risk nature is reflected by the aggregated survival analyses. More thorough and consistent reporting is urgently required in order to overcome this issue. The results presented are in weighted means, inter-quartile ranges, or n/%, ± standard deviation. Survival was considered to be at primary discharge. Characteristics were combined where presented. BMI, body mass index; BSA, body surface area; CPB, cardiopulmonary bypass; CPR, cardiopulmonary resuscitation; ECMO, extracorporeal membrane oxygenation; LVEF, left ventricular ejection fraction.
Figure S2
Forest plot analysis: in-hospital complications. Forest plot analysis illustrating outcomes; survivors (i.e., experimental) compared to non-survivors (i.e., control). Note: survivors were less likely to have infection in this analysis, but the result is not statistically significant.
